Tetrandrine, a bis-benzylisoquinoline alkaloid isolated from the dried root of Hang-Fang-Chi (Stephania tetrandra S. Moore), has been reported to possess anti-cancer effects on many tumors. In this study, we investigated tetrandrineinduced apoptosis on human gastric cancer BGC-823 cells in vitro and in vivo. The results showed that tetrandrine significantly inhibited cell viability in a dose-and time-dependent manner and induced apoptosis. It increased the apoptosis; upregulation of Bax, Bak, and Bad; and downregulation of Bcl-2 and Bcl-xl in BGC-823 cells. Moreover, tetrandrine increased the activation of caspase-3 and -9, release of cytochrome c, and upregulation of apaf-1, suggesting that tetrandrine-induced apoptosis was related to the mitochondrial pathway. Meanwhile, pretreatment with the pan-caspase inhibitor z-VAD-fmk in BGC-823 cells reduced tetrandrine-induced apoptosis by blocking activation of caspases. Furthermore, tetrandrine effectively inhibited tumor growth via apoptosis induction, which was verified by immunohistochemical analysis in a nude mouse xenograft model. Taken together, we concluded that tetrandrine significantly inhibited the proliferation of gastric cancer BGC-823 cells through mitochondria-dependent apoptosis, which may play a promising role in gastric cancer therapy.
Introduction
In China, gastric cancer, one of the most common malignant tumors, resulting from an accumulation of genetic and epigenetic events, still has a high incidence and mortality rate [1] [2] [3] . There are several factors causing the onset of gastric cancer, such as Helicobacter Pylori infection, diet, tobacco use, and so on [4] . Depending on the circumstances, most patients with gastric cancer need surgery, chemotherapy, and/or chemoradiotherapy [5] . Previous studies have revealed that gastric cancer is a complex genetic disease related to oncogenes or tumor suppressors [6] .
Tetrandrine (C 38 H 42 N 2 O 6 , MW 622.730) is a bisbenzylisoquinoline alkaloid isolated from the dried root of Hang-Fang-Chi (Stephania tetrandra S. Moore). Recently, the diverse biological activities of tetrandrine have been studied intensively because of its wide use in arthritis, arrhythmia, inflammation, silicosis, various types of tumors, and reverse multi-drug resistance [7, 8] . It is reported that tetrandrine has significant effects on tumors including slowing tumor growth and increasing animal survival time and survival rate [9] [10] [11] [12] . Tetrandrine causes a G1 cell-cycle blockade and induces apoptosis in various cell types. However, the precise mechanisms by which tetrandrine initiates apoptosis and inhibits cell growth in gastric tumor cells remain unclear [13] . It is reported that the codelivery of paclitaxel (Ptx) and tetrandrine by nanoparticles can efficiently enhance the cytotoxicity of Ptx by sequential inhibition of the ROS-dependent Akt pathway and activation of apoptotic pathways based on oxidation therapy against gastric cancer [14] . However, as a therapeutic agent, Ptx inevitably has severe side effects owing to its nonspecific toxic effects and special solvents, and tumor cells may become more resistant to Ptx-induced apoptosis [15] [16] [17] . A previous study has shown that tetrandrine has a synergistic effect with chemotherapeutic agents on apoptosis of gastric cancer cell lines [18] . Furthermore, a derivative (H1) of tetrandrine exerts good anti-multidrug resistance activity by initiating the intrinsic apoptosis pathway and inhibiting the activation of Erk1/2 and Akt1/2 [19] . These findings suggest that tetrandrine might replace Ptx as the first line chemotherapy for gastric cancer.
Since tetrandrine has great potential in anti-cancer therapy, it is important to study it systematically to understand its mechanism. Therefore, in this study, we investigated the possible mechanisms of tetrandrine on human gastric cancer cells in vitro and in vivo.
Materials and Methods

Materials and reagents
Tetrandrine was obtained from Jiangxi Yintao Pharmaceutical Development Company (Jiangxi, China). Antibodies were obtained from the following sources: antibodies against Bcl-2, Bax, Bcl-xl, Caspase-3, -8,-9, cytochrome c, Apaf-1, and β-actin were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-Bad and Bak were from Bioworld Technology (St. Louis Park, MN, USA). The Trizol reagent kit was purchased from Invitrogen (Grand Island, NY, USA). MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) was purchased from SigmaAldrich (St. Louis, MO, USA).
Cell culture
The human gastric cancer cell line BGC-823 was purchased from Shanghai Cell Biology, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco BRL, Grand Island, NY, USA), supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA), 1% penicillin, and 1% streptomycin in a humidified atmosphere of 95% air and 5% CO 2 at 37 °C.
Cell viability assay
Cell viability was measured by the MTT assay. In brief, cells were seeded in 96-well plates at a density of 1×10 4 cells/well. After 36 h, cells were treated with or without tetrandrine at variable concentrations for 24, 48, and 72 h; and phosphatebuffered saline (PBS) served as a negative control. Then, 20 µl of MTT dye solution (0.5 mg/ml, dissolved in PBS and filtered through a 0.2-mm membrane) was added to each well and incubated at 37 °C for 4 h. Thereafter, 150 µl of dimethyl sulfoxide was added to each well, and the plates were incubated at 37 °C for an additional 10 min. Absorbance was measured at 490 nm using a 96-well microplate reader. The IC 50 value was defined as the concentration of drug that inhibits 50% cell growth compared with the control.
Western blotting
Gastric cancer cells were washed twice with PBS, and then 100 µl of RIPA Lysis Buffer (Beyotime, China) was added to each well to lyse cells for about 20 min. Next, the mixture was centrifuged at 12,000g for 15 min, and the supernatant was collected. Protein concentration was detected by using a BCA Protein Assay Kit (Beyotime, China) according to the manufacturer's instructions. Total protein was separated by SDS-PAGE on 8%, 10%, and 12% polyacrylamide gels and transferred electrophoretically onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). After blocking for 2 h or overnight with 5% non-fat dry milk (dissolved in Tris-buffered saline-Tween 20 buffer; TBST), membranes were incubated with primary antibodies (1:500-1:1000 dilution) for 2 h at room temperature or overnight at 4 °C and then washed three times with TBST (5 mM Tris-HCl, pH 7.4, 136 mM NaCl, 0.1% Tween 20) before reacting with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000-1:10000) for 1 h at room temperature. After washing three times for 10 min each with TBST, the membranes were treated with ECL Western Blotting Detection Reagent.
Quantitative real-time polymerase chain reaction
Total cellular RNA was isolated using Trizol reagent (Invitrogen) following the manufacture's protocol and dissolved in DEPC-treated water. The concentration of total RNA was measured by UV absorbance spectroscopy. Reverse transcription was performed using a RevertAid™ First Strand cDNA Synthesis Kit (Fermentas MBI, Waltham, MA, USA) following the manufacturer's protocol. The newly synthesized cDNA was amplified by polymerase chain reaction (Fermentas). The sequences of each primer used in this study are shown in Table 1 . The polymerase chain reaction conditions are listed as follows: 95 °C for 3 min, 95 °C for 5 min, 58 °C for 30 min, and 72 °C for 30 min followed by 40 cycles at 94 °C for 15 s and 60 °C for 1 min. All tests were performed in triplicate.
Annexin V-propidium iodide binding assay
In brief, cells were seeded in 6-well plates and treated with different concentrations of tetrandrine for 24 h, and PBS served as a negative control. Then, cells were resuspended in 500 µl of cold binding buffer. Cell suspensions were stained against Annexin-V and propidium iodide (BD Pharmingen TM , Becton Dickinson, San Jose, CA, USA) according to the manufacturer's instructions, and then flow cytometry analysis was performed by a FACS (Coulter, Becton Dickinson).
Caspase-3 activity assay
Briefly, cells were incubated in a 6-well plate at a concentration of 4×10 5 /well and treated with the indicated concentration of drugs. An equal volume of PBS was used as a negative control. Caspase-3 activity was measured using a caspase-3 activity assay kit (Beyotime, China) following the manufacturer's instructions. The absorbance was then measured at 405 nm using a microplate reader. All the experiments were carried out in triplicate. 
Animal experiments
Female nude mice (BALB/c nu/nu), 4-6 weeks old, were obtained from the Experimental Animal Center of the Chinese Academy of Science (Shanghai, China) and kept under specific pathogen-free conditions in a biological cabinet at the Laboratory Animal Facility of Jiangsu University. The animals were maintained in a 12-h light-dark cycle. Room temperature maintained at around 20 °C, and humidity was kept at about 50% in a room with a filtered air supply.
Tetrandrine treatment of subcutaneous BGC-823 tumors in mice
To establish a BALB/c mouse xenograft model of human gastric cancer, BGC-823 cells at a concentration of 5.0×106/150 µl were injected into the right flank of each BALB/c nude mouse. Approximately 10 days later (tumor size reached 120-150 mm3), nude mice were randomly divided into three groups (N = 5) and given the following treatments: control (treated with normal saline), low dose group (treated with 40 mg/kg tetrandrine), and high dose group (treated with 120 mg/kg tetrandrine). BALB/c mice were injected intraperitoneally with tetrandrine (200 µl, 40 mg/kg or 120 mg/kg) or an equal volume of normal saline, once a day for 3 weeks, respectively. The tumor size was measured every 3 days in two perpendicular dimensions with vernier calipers, and the tumor volume (TV) was calculated by the formula: TV = length (mm) × width 2 (mm 2 ) × 0.5. Relative tumor volume (RTV) was calculated according to the following formula: RTV = TV t /TV 0 , where TV 0 is the tumor volume at day 0 and TV t is the tumor volume at a given day t. Meanwhile, the animals were weighed twice per week. At the end of the experiment, tumors were excised and fixed in formalin for further analysis.
Immunohistochemical analysis
The paraffin-embedded samples excised from BGC-823 nude mice were stained using the following antibodies: Bcl-2 and Bax (Boster), Bcl-xl, activated Caspase-3, and activated Caspase-9 (Santa Cruz) for immunohistochemistry. Images were taken with a fluorescence microscope (Carl Zeiss).
Statistical analysis
All experiments were performed at least three times, and all data were presented as means ± standard deviation (SD). Statistical differences were determined by one-way ANOVA using SPSS 16.0 software. A P value less than 0.05 was considered to be significant.
Results
Cytotoxic effect of tetrandrine on BGC-823 cells
The chemical structure of tetrandrine is shown in Figure 1A . The anti-proliferative effect of tetrandrine was investigated in BGC-823 cells using the MTT assay. As is shown in Figure 1B , the cells were treated for 24, 48, and 72 h with various concentrations of tetrandrine. Tetrandrine was found to significantly inhibit the growth of BGC-823 cells in a dose-and time-dependent manner. BGC-823 cells were significantly inhibited by tetrandrine at 10 μg/ml (P < 0.05). The IC 50 value was 6.104 ± 0.786, 4.471 ± 0.650, and 3.744 ± 0.573 following 24, 48, and 72 h of tetrandrine treatment, respectively. Thus, 6, 8, and 10 μg/ml were determined as the representative concentrations in the following studies.
Induction of apoptosis by tetrandrine
Tetrandrine-mediated anti-cancer abilities have been reported to be associated with apoptosis [9] [10] [11] [12] . Accordingly, we investigated the ability of tetrandrine-induced apoptosis of BGC-823 cells using a flow cytometry assay. As measured by flow cytometry, the effects of tetrandrine on BGC-823 cell apoptosis are shown in Figure 2A and B, with the 24-h tetrandrine treatments at 0, 6, 8, and 10 μg/ml resulting in 4.35%, 11.4%, 17.72%, and 32.34% of apoptotic cells, 
Tetrandrine-mediated expression of Bcl-2 family members
To investigate the more specific mechanism on the induction of apoptosis in BGC-823 cells by tetrandrine, we detected the expression of apoptosis-related proteins by Western blotting and their mRNA level by real-time (RT)-PCR. Here, we studied the expression of Bax, Bad, Bak, Bcl-2, and Bcl-xl in BGC-823 cells treated with tetrandrine. After 24 h of exposure to tetrandrine, Bax, Bad, and Bak protein expression was dosedependently increased, whereas Bcl-2 and Bcl-xl protein expression was dose-dependently decreased ( Figure 3A) . We also found that tetrandrine could upregulate the expression of Bax and downregulate the expression of Bcl-2 in a timedependent manner ( Figure 3B ). To determine whether tetrandrine would affect the gene transcription of bcl-2, bcl-xl, and bax, their mRNA expression was examined by RT-PCR ( Figure 3C ). The RT-PCR results clearly coincided with those presented in Figure 3A .
Tetrandrine-induced apoptosis via a mitochondrial pathway in BGC-823 cells
To explore whether tetrandrine-induced apoptosis was associated with the activation of caspase members, we measured the expression of caspases in BGC-823 cells treated with various concentrations of tetrandrine by Western blotting. The results showed a dose-dependent elevation of cleaved caspase-3 and cleaved caspase-9 in tetrandrine-treated cells ( Figure 4A ). However, nondetectable levels of cleaved caspase-3 and cleaved caspase-9 were found in the cells in Effects of tetrandrine on the expression levels of bcl-2, bcl-xl, and bax were determined using real-time PCR (1), control (2) 6 μg/ml (3) 8 μg/ml (4) 10 μg/ml. β-actin expression was used as an internal control. Data are reported as the means ± SD of at least three experiments. *P < 0.05; **P < 0.01; ***P < 0.001 versus the control group. The cells were pretreated with or without pan-caspase inhibitor z-VAD-fmk (10 μM) for 4 h followed by treatment with tetrandrine at 8 μg/ml for 24 h, and the relative activity of caspase-3 was measured using a caspase-3 activity assay. (C) BGC-823 cells were pretreated with or without z-VAD-fmk (10 μM) for 4 h followed by treatment with tetrandrine at 8 μg/ml for 24 h. A PI-Annexin V-FITC binding assay was used to detect apoptosis of BGC-823 cells. (D) Western blot analysis of the expression of cytoplasmic cytochrome c and Apaf-1 in BGC-823 cells treated with tetrandrine at 6, 8, and 10 μg/ml for 24 h. β-actin expression was used as an internal control. Data are reported as the means ± SD of at least three experiments. *P < 0.05; **P < 0.01; ***P < 0.001 versus the control group. doi: 10.1371/journal.pone.0076486.g004 the absence of tetrandrine treatment (data not shown). To further determine the role of caspase activation in tetrandrineinduced apoptosis, BGC-823 cells were pretreated with the pan-caspase inhibitor z-VAD-fmk (10 μM) for 4 h, and then treated with 8 μg/ml tetrandrine for 24 h. Compared to the control, the relative activities of caspase-3 were increased in BGC-823 cells treated with tetrandrine only ( Figure 4B ). In addition, the release of cytochrome c was increased in a dosedependent manner by tetrandrine. A representative flow cytometry result showed that cells pretreated with z-VAD-fmk strongly reduced tetrandrine-induced apoptosis and that only a small number of apoptotic cells was detected ( Figure 4C ). Next, we examined the expression level of cytoplasmic cytochrome c, which is released from the mitochondria into the cytoplasm during apoptosis, acted on apoptotic protease activating factor-1 (Apaf-1) by increasing the binding of Apaf-1 to ATP/dATP, and induced caspase-9-dependent activation of caspase-3 [20] [21] [22] . It was found that tetrandrine significantly increased the expression of cytoplasmic cytochrome c and Apaf-1 in BGC-823 cells in a dose-dependent manner ( Figure  4D ). Together, these findings suggested that a mitochondriamediated caspase cascade pathway was involved in tetrandrine-induced apoptosis.
Anti-tumor effect of tetrandrine on BGC-823 nude mouse xenografts
Since tetrandrine was found to significantly inhibit the growth of BGC-823 cells in vitro, we further evaluated the anti-tumor effect of tetrandrine in vivo with established xenograft models. As shown in Figure 5A , tetrandrine could effectively inhibit tumor growth after a 24-day treatment. At the end of 24 days, the average tumor volumes were 493.06 mm 3 and 1243.00 mm 3 in the high dose group and low dose group, respectively, corresponding to 80.52% and 50.9% inhibition rate compared to the control group. In addition, tumor weight was reduced as a result of treatment with tetrandrine at both concentrations ( Figure 5B & Table 2 ). This result showed that a high dose of tetrandrine had a stronger anti-tumor effect than a low dose on the BGC-823 xenograft model.
Tetrandrine-induced apoptosis in BGC-823 xenografts
Immunohistochemistry analysis of tumor tissues excised from BGC-823 xenografted nude mice reconfirmed that apoptosis had occurred in tetrandrine-treated tumors and that the mitochondrial pathway played a significant role during apoptosis. There were five nude mice in each group. We observed that the expression of Bcl-2 and Bcl-xl was decreased, whereas the protein levels of Bax, activated caspase-3, and activated caspase-9 were significantly enhanced by tetrandrine ( Figure 6 ). All these findings strongly corroborated that tetrandrine may induce apoptosis, consistent with the in vitro study.
Discussion
Gastric cancer, the fourth most commonly diagnosed neoplasm behind cancer of the lung, breast, colon, and rectum, causes nearly one million annual deaths and has been the second cause of cancer-related mortality worldwide [23] [24] [25] [26] . Surgery, chemoradiotherapy, and molecular targeted therapy have been the main treatment strategies in the treatment of gastric cancer [27] . Although surgical resection has been the most effective curative treatment, the results are inconsistent and limited by tumor recurrence and chemoresistance. Conventional chemotherapeutic drugs, such as Ptx, 5-fluorouracil, and cisplatin kill tumor cells by inducing apoptosis and autophagy; but tumor cells may become resistant to druginduced apoptosis [17, 28, 29] . It is reported that tetrandrine has strong anti-tumor activity both in vitro and in vivo in many cancer cells, such as A549 human lung carcinoma cells, bladder cancer cells, colon cancer cells, hepatoma cells, and so on [9] [10] [11] [12] . A previous study indicated that tetrandrine might play a promising role by synergistic interaction with chemotherapeutic agents possibly by their synergistic effects on inducing apoptosis and downregulating chemotherapeutic agent-associated genes in MKN-28 cells and BGC-823 cells [18] . However, the mechanism of tetrandrine on human gastric cancer BGC-823 cells has not been identified. In this study, we demonstrated that tetrandrine exhibited potent antitumor activity toward human gastric cancer in vitro and in vivo, elucidating the underlying mechanisms of action.
Firstly, our results showed that tetrandrine effectively inhibited BGC-823 cell proliferation assayed by MTT in a doseand time-dependent manner. Meanwhile, the IC 50 s of tetrandrine were approximately 6.1, 4.5, and 3.7 μg/ml in BGC823 cells for 24, 48, and 72 h, respectively. According to previous studies, chemotherapeutic drugs kill solid tumors mainly by inducing apoptosis [30] [31] [32] . We found that apoptosis was induced by tetrandrine in a concentration-dependent manner through flow cytometry analysis with increased early apoptotic cells and late apoptotic cells in gastric cancer BGC-823 cells.
In mammalian cells, apoptosis can be triggered by the extrinsic pathway activated by the death receptor and the intrinsic pathway regulated by Bcl-2 family members and caspase cascades in the mitochondrion [33, 34] . In our study, tetrandrine increased the expression of the pro-apoptotic proteins Bax, Bad, and Bak and decreased the protein levels of Bcl-2 and Bcl-xl. Therefore, an increased ratio of anti-and proapoptotic protein expression, such as the Bax/Bcl-2 ratio, would lead to the loss of mitochondrial membrane potential. Dysfunctioning mitochondria releases cytochrome c, which accumulates in the cytosol and forms a complex with apaf-1. In the intrinsic pathway, as an effector, caspase-3 is cleaved by activation of caspase-9 [35] [36] [37] . In the present study, we showed that caspase-9 and caspase-3 were activated by tetrandrine. The pan-caspase inhibitor z-VAD-fmk reduced apoptosis in BGC-823 cells, indicating that the mitochondrial pathway plays a central role in tetrandrine-induced apoptosis.
It is reported that tetrandrine could reverse the resistance to many chemotherapy drugs, such as Ptx and doxorubicin in the KBv200 and K562 nude mouse xenograft models [38, 39] . Tetrandrine also possesses a strong ability to inhibit angiogenesis in gliomas in rats [40] . Furthermore, our results indicated that tetrandrine exhibited strong anti-tumor activity by inhibiting tumor growth and inducing apoptosis in the established BGC-823 nude mouse xenograft model.
In conclusion, our data demonstrated that tetrandrine significantly induced apoptosis in human gastric cancer BGC-823 cells and its nude mouse xenograft models. Tetrandrine-induced apoptosis was associated with activation of the intrinsic apoptosis pathway. Based on these results, tetrandrine could have great potential in the treatment of human gastric cancer in the future.
